Large-scale algal cultivation is usually performed outdoors. The cultures are thus exposed to contamination by bacteria, fungi, protozoa, and undesirable algae. The contaminant microorganisms can hinder growth and production of the desirable alga, impair product quality, and cause collapse of the culture. For example, it has been shown that protozoa can cause a decrease in the concentration of a population of colonial algae by more than 99% within 1 or 2 weeks (4). In a culture of the blue-green alga (cyanobacterium) Anacystis nidulans that was contaminated by the ciliate Colpoda ateinii, the predator doubled every 3 to 4 h, resulting in the collapse of the algal culture (13) . Grobbelaar (8) described an event in which a culture of a Chlorella species was first contaminated by a Stylonichia species and 5 days later taken over by a Scenedesmus species. Thus, as a result of selective preying, the alga dominating the culture was replaced. One way to prevent contamination of outdoor algal ponds is to grow the algae under extreme environmental conditions. For example, a Dunaliella species, an alga currently being cultivated on a large scale, is grown in a highly saline medium, a condition favorable to the alga but prohibitive to most other microorganisms (3) . Experiments with Phaeodactylum tricornutum growing in seawater have shown that various concentrations of NaCl in the medium have different effects on its predators, Actinomonas mirabilis, Paraphysomonas vestita, and Ciliophrys marina. Cultivation of the alga without NaCl or with 32 g liter of NaCI-1 inhibited the growth of the predators (L. W. Haas, unpublished results).
A Porphyridium sp. is grown in outdoor ponds in southern Israel for the purpose of production of valuable biochemicals. One important product is a very viscous cell wall sulfated polysaccharide, the external part of which dissolves in the growth medium. This polysaccharide can be used as a substitute for carrageenans in various applications (2) . The main contaminant in these ponds was found to be a Gymnodinium sp., a dinoflagellate that ingests the algal cells and can cause collapse of the cultures. Dinoflagellates are known to feed on bacteria and phytoplankton (10) Preparation of algal cell wall polysaccharides and measurement of their viscosity. Cell wall polysaccharides of the Porphyridium sp., Porphyridium aerugineum, and Rhodella reticulata were prepared by separating the cells from the growth medium containing the soluble fraction of the cell wall polysaccharide and dialyzing the supematant against doubly distilled water (until the conductivity of the water reached 25 to 30 mS). The supernatant was then frozen and lyophilized. The powder produced was dissolved (0.2%) in phosphate buffer (0.1 M, pH 6.7), and sodium azide (0. 125%) was added to the solution. The viscosity of the polysaccharide was measured with a Brookfield digital viscometer.
Preparation of Gymnodinium extract and test of its polysaccharide-degrading activity. Five liters of Gymnodinium culture was centrifuged for 20 min at 27,500 x g. The resulting pellet was suspended in phosphate buffer (0.1 M, pH 6.7). The cells were broken in a sonicator, as described above for Porphyridium cells, and the suspension was designated the crude extract. The supernatant was prepared by centrifuging the crude extract (20 min at 47,000 x g). The crude extract or the supernatant (1.6 ml) was added to the polysaccharide solution (6.4 ml), and the mixture was incubated at 30°C in a shaker bath.
Porphyridium extract was prepared from stationary-phase cells that were broken in a sonicator and centrifuged (47,000 x g for 20 min). The supernatant was used as the enzyme preparation.
RESULTS
Growth medium. The difficulty of growing heterotrophic dinoflagellates in a synthetic medium lies in the fact that they usually grow on algae, bacteria, or fungi. We attempted to find a suitable synthetic medium, since we deemed it important to grow the Gymnodinium sp. and the Porphyridium sp. independently. Various synthetic media were examined (detailed in Materials and Methods), none of which supported growth of Gymnodinium cells, not even those enriched with yeast or with broken or dried algae. Gymnodinium cells grew only in ASW (or seawater) to which living Porphyridium cells had been added.
Growth curve of the Gymnodinium sp. The growth curve of the Gymnodinium sp. inoculated into a Porphyridium culture at the logarithmic phase of growth is shown in Fig. 1 . A typical growth curve consisting of a logarithmic phase until day 2, a peak at days 3 and 4, and a decline thereafter was observed. Porphyridium cell concentration started decreasing at the end of the Gymnodinium logarithmic phase. However, the main decline paralleled that of the Gymnodinium sp. The experiment was performed in the light and in the dark without significant differences. Effect of environmental conditions. The effects of environmental conditions (salinity, temperature, and pH) on the growth of the Gymnodinium sp. and the Porphyridium sp. (grown separately) are shown in Fig. 2 . Growth kinetics was determined under all conditions, but the values in the figure represent only the state at the stationary phase, at days 7 and 8 for the Porphyridium sp. and at days 3 and 4 for the Gymnodinium sp.
Salinity. ASW was prepared with increasing concentrations of NaCl as follows: 0.23, 0.46, 0.92, 1.38, and 1.84 M (seawater and ASW contain 0.46 M NaCl). For Gymnodinium cells ( Fig. 2A) , optimum growth was obtained at 0.46 M NaCl. At a concentration of 0.23 M, growth was slightly inhibited (P > 0.05); without NaCl or at 0.92 M NaCl, growth was inhibited significantly (P < 0.05). At concentrations of 1.38 and 1.84 M NaCl, i.e., three or four times the concentration in seawater, the cells died immediately, as judged by the arrest of cell movement followed by their disintegration.
For Porphyridium cells ( Fig. 2A) , there were no significant differences in cell densities at salt concentrations ranging between 0 and 0.92 M NaCl (P > 0.05). Inhibition of growth was observed at 1.38 M NaCl. At 1.84 M, the algal cell density did not change (P < 0.05).
Temperature. The experiments were performed in aerated Erlenmeyer flasks at 10, 15, 20, 25, 30, and 35 + MC. Optimum growth of Gymnodinium cells (Fig. 2B ) was observed at 20°C; the growth decreased somewhat at 25°C (P > 0.05). At 15 and 10°C, there was a lag after inoculation that was followed by slow growth, but the maximum number of cells obtained was similar to that obtained at 20°C, albeit at a later time (on day 8). Both lag period and time to maximum cell number were inversely proportional to the temperature (data not shown). At 30°C growth was severely inhibited (P < 0.05), and at 35°C the cells died.
The highest number of Porphyridium cells (Fig. 2B ) was observed at 20 to 30°C. At 15 and 35°C the cell number was lower (P < 0.05), and at 10°C no growth was observed.
pH. Growth was measured in citrate buffer (0.1 M) at pH 3.5 and 5.0 and in Tris buffer (0.1 M) at pH 6.0, 7.5, and 8.5. The pH was adjusted daily. The highest number of Gymnodinium cells (Fig. 2C ) was obtained at pH 7.5. At pH 6.0, there was a lag of 4 days followed by a slow increase in cell number (data not shown). At pH 5.0 and 8.5, no growth was observed (P < 0.05). At pH 3.5, the cells died immediately (data not shown).
For Porphyridium cells (Fig. 2C) , the optimum pH ranged between 6.0 and 8.5 (P < 0.05). Significant inhibition (P < 0.05) was evident at pH 5.0. At pH 3.5, the cells did not grow.
Gymnodinium cell volume and number of Porphyridium cells ingested. The number of alga-containing Gymnodinium cells increased with the time of contact between the two organisms up to day 1 or 2 of growth, reaching ca. 99% of the cell population, and decreased thereafter (data not shown). The volume of Gymnodinium cells and the number of algal cells consumed during growth seem to be correlated (Fig. 3) . The average diameter of Gymnodinium cells on day 0 was 7.87 ,um. On the second day of contact with Porphyridium cells, the average diameter doubled, and the volume was 10 times larger. On day 13, the average cell diameter returned to its 1 2 3 4 5 6 7 8 9 10 11 12 15 Porphyridium cells.
Specificity. The specificity of the Gymnodinium sp. for the Porphyridium sp. was studied by feeding Gymnodinium cells with various unicellular algae. The Gymnodinium sp. did not consume a Nanochloropsis sp., a marine chrysophyte. It did randomly (up to 50% of the Gymnodinium population) ingest the freshwater red alga P. aerugineum, the brackish-water red alga R. reticulata, the marine chrysophyte Isochrysis sp., and the green algae Chlorella and Dunaliella spp., but only one to two cells of these algae (versus up to 15 Porphyridium cells) were found in Gymnodinium cells. However, none of the algae other than the Porphyridium sp. seemed to be digested, as no further growth, either in cell volume or cell number, occurred in Gymnodinium cultures fed on them. Degradation of polysaccharide. We assumed that Gymnodinium cells utilize the polysaccharide of Porphyridium cells by means of enzymatic cleavage. To verify this assumption, we added a crude extract of broken Gymnodinium cells and its supernatant to purified polysaccharide of the Porphyridium sp. (Table 2 ). It can be seen that the viscosity of the polysaccharide was significantly reduced by the crude extract and to an even greater extent by the supernatant, indicating that the molecule had indeed been split. After the crude extract was boiled, almost no change in viscosity was observed, probably because of denaturation of the digesting enzymes. Whole Gymnodinium cells did not exhibit any enzymatic activity towards the polysaccharide, showing that the activity is located inside the cells. The supernatant had no effect on the polysaccharides of R. reticulata or of P. aerugineum, which is in agreement with the inability of the dinoflagellate to digest these two algae. When extract supernatant of the Porphyridium sp. cells was tested, no change in the viscosity of the isolated polysaccharide was observed.
DISCUSSION
Until now, we have been unsuccessful in finding synthetic media to support the growth of the Gymnodinium sp., as has been achieved for other dinoflagellates, such as 0. marina (5), Noctiluca scintillans (11), Amphidinium holleri (6), and Crypthecodinium cohnii (16) . The failure of synthetic media to support growth of the Gymnodinium sp., even when enriched with broken or dried cells of the Porphyridium sp. or with its polysaccharide (which was found to be cleaved by Gymnodinium extract), might indicate that the cells require live algal cells, rather than a specific constituent of the cells, for growth. The Gymnodinium sp. used in our study may be defined as a phagotroph, as is another species of Gymnodinium, G. fungiforme (14) , since it was found to contain intact Gymnodinium cells. However, we have not been able to observe the mode of preying.
The comparison of the effects of various environmental conditions on the growth of Porphyridium and Gymnodinium species showed that the Porphyridium sp. is the more resistant of the two organisms; it can tolerate and grow under a wider range and more extreme conditions of pH, temperature, and salinity. It is possible that the polysaccharidic envelope surrounding the algal cells in the form of gel serves as a barrier between the cell and its environment, enabling the cells to survive under extreme environmental conditions. This tolerance can be used to confer an advantage on the alga over its predator in an open outdoor system.
Control of contamination is one of the most important objectives in large-scale algal production in open ponds. Grobbelaar (8) summarized several approaches to the control of exposed cultures: (i) optimization of growth conditions; (ii) application of chemicals, such as herbicides, which act only against the predator; and (iii) exploiting physical parameters that affect the contaminant selectively. We have started applying the second concept and have already produced a Porphyridium mutant, SMR1, resistant to a herbicide of the sulfometuron methyl group (17) . The third approach could also be applied on the basis of the greater tolerance of the Porphyridium sp. over that of its predator to extreme environmental conditions, e.g., by treating the culture with pH shocks, high salinity, or high temperature that will affect only the Gymnodinium sp.
A most interesting finding of this study is the specificity of the Gymnodinium sp. for its prey, which was expressed both by its limited preying on algae other than the Porphyridium sp. and by its inability to digest these algae. Although it ingested red unicells other than the Porphyridium sp. that are also encapsulated with sulfated polysaccharides, e.g., P. aerugineum and R. reticulata, as well as two species of green algae and one species of chrysophyte, it could not grow on them, nor could its extract digest the cell wall polysaccharide of other red microalgae. The chemical composition and structure of the polysaccharides of the red unicells Porphyridium sp., P. aerugineum, and R. reticulata are under detailed study in our laboratory (2) . These organisms are similar in several characteristics: all show similar general rheological behavior, i.e., they are resistant to a wide range of pH, temperatures, and salinities; all are negatively charged, although to a different degree, because of glucuronic acid and sulfate esters in the polysaccharide; and the main sugars of each are xylose, glucose, and galactose. However, the exact chemical compositions and the ratios between the various sugars and their minor sugar components differ from one species to another. Thus, it is especially interesting to find out which characteristic(s) of the polysaccharide controls its digestibility by Gymnodinium extract.
The importance of studying the enzymatic activity of the Gymnodinium sp. that cleaves the Porphyridium sp. polysaccharide resides in its potential application for determining the composition and structure of the polysaccharide and for obtaining algal protoplasts, which may be used in genetic engineering studies. This study is now under way in our laboratory.
